• Study of GLE energy spectrum parameters with conditions of the corresponding solar the normalization constant C, low-energy power-law slope γ 1 , high-energy power-law slope γ 2 , and break energy E 0 . There are 16 GLEs from which we select 13 for study by excluding some events with complicated situation. We analyze the four parameters with conditions of the corresponding solar events. According to solar event conditions we divide the GLEs into two groups, one with strong acceleration by interplanetary (IP) shocks and another one without strong acceleration. By fitting the four parameters with solar event conditions we obtain models of the parameters for the two groups of GLEs separately. Therefore, we establish a model of energy spectrum of solar cycle 23 GLEs which may be used in prediction in the future.
decreased, and the smaller the correlation length in the turbulence spectrum is, the lower the break energy E 0 is.
It is convenient to use the double power-law with the form in Equation (1) for the model of SEP energy spectra since there are only four parameters needed. Mewaldt et al. [2012] studied the fitted parameters, i.e., C, γ 1 , γ 2 , and E 0 , of the double power-law model by comparing the results from the 16 GLEs and 22 large non-GLE events during solar cycle 23.
They found that γ 1 of GLEs is usually similar to that of typical large SEP events, while γ 2 of GLEs is harder than that of typical large SEP events. They also found that E 0 of GLEs is usually in the range of ∼2 to 46 MeV.
In this paper we analyze the spectral parameters of GLEs during solar cycle 23 with conditions of the corresponding solar events to obtain models of the parameters, thus the energy spectra of GLEs can be provided which may be used for prediction. In Section 2, we introduce some observation characteristics of the intensity-time profiles of various energy protons and make the data selection. In Section 3, we show the classification of the selected GLEs. In Section 4, we present the correlations of spectral parameters with each other and solar activity. In Section 5, we obtain the statistical expressions of C, γ 1 , γ 2 and E 0 , with which we establish a prediction model of energy spectrum of GLEs. In section 6, the modeling results are compared with observations for six GLEs from solar cycle 22 and one GLE from solar cycle 24. Finally, we present conclusions and discussion in Section 7.
Observations and Data Selection
In a GLE event, large amount of energetic particles are accelerated near the solar surface or in the IP space, and they are consequently transported in the heliosphere. The energetic particles can be measured at 1 AU by several spacecraft simultaneously, such as ACE, GOES, SAMPEX and STEREO missions. In Figures 1 and 2 , we show the proton intensitytime profiles for the sixteen GLEs during solar cycle 23 from the Electron, Proton, and Alpha Monitor (EPAM) [Gold et al., 1998 ] on ACE and Energetic Particle Sensor (EPS) [Onsager et al., 1996] on GOES-8 or GOES-11. For GLE58, the fourth GLE in solar cycle 23 in the panel of the second row and the second column of Figure 1 , there was an X1.0 class flare that began at 21:50 UT on August 24, 1998 indicated by a red vertical dashed line, and the measurements had an impulsive enhancement after tens of minutes. When an IP shock arrived at 1 AU indicated by a blue vertical dashed line, there was another enhance-ment of proton intensities, which is called energetic storm particle (ESP) event [e.g., Rao et al., 1968] . The ESP event can significantly increase the intensity of low energy protons (typically up to tens of MeVs in GLEs) with the peak intensity higher than that caused by a flare or a corona shock. However, ESP event usually has little influence on high energy protons, such as tens to hundreds MeV protons. In general, the CME originated near central meridian associates with strong ESP event. For example, with the small longitude, GLE58 and GLE59 had strong ESP events, while GLE60 and GLE61, which had large longitude, were hardly affected by the IP shock. The proton intensity-time profiles at 1 AU lasts at least two days for a GLE event, during which if an IP shock, in addition to the GLE associated one, corresponding to an earlier solar eruption arrives at 1 AU, the proton intensities would be influenced by the additional IP shock. For example, in the upper left panel of Figure 1 , GLE55 associated with an X9.4 class flare that began at 11:49 UT on November 6, 1997, and the arrival of the first shock was at 22:02 UT on the same day, which was less than 12 hours later than the flare, thus we consider the shock is not corresponding to the solar event of GLE55. The upper right panel of Figure 1 exhibits the intensity-time profiles of GLE56 with an X1.1 class flare that erupted at 13:31 UT on May 2, 1998, and the arrival of the corresponding IP shock was at 17:00 UT on 3 May. In addition to the associated IP shock, there was a large forward-traveling wave arriving at 02:15 UT on 4 May indicated by the black vertical dashed line, which significantly affected the low energy proton intensities, such as particles with energy less than 10 MeV. Thus the energy spectra of GLE55 and GLE56 are influenced, which may be the reason why their break energy E 0 are much bigger than that of other GLEs. The panel of the third row and the second column of Figure 2 shows the intensity-time profiles for GLE68, and there was an X3.8 class flare that erupted at 09:38 UT on January 17, 2005, but without the event associated IP shock at 1 AU. However, it is shown that about 2 hours before the solar flare associated with GLE68, an IP shock associated with a previous solar event arrived at 1 AU, and we can find that the low energy proton intensity-time profiles were affected by previous events. It can be shown that all of the GLEs except GLE68 in solar cycle 23 had a corresponding IP shock at 1 AU. Therefore, the energy spectra of GLE55, GLE56, and GLE68 are not usual comparing to other GLEs in solar cycle 23, for simplicity purpose, we exclude the three GLEs for further analysis. However, if the additional IP shock is weak, the intensity-time profiles may not be influenced significantly.
Such as GLE62 in the lower right panel of Figure 1 , which shows that there were three IP shocks, and the second IP shock corresponding to GLE62 associated with a strong ESP event, while the other two shocks had little effects on the proton intensities. The above flare onset times and classes are from Gopalswamy et al. [2012] , and the shock and wave information can be found in web (http://www-ssg.sr.unh.edu/mag/ace/ACElists/obs_list.html#shocks, https://www.cfa.harvard.edu/shocks).
Energy spectrum can be obtained by integrating the proton intensity-time profiles observed by spacecraft near the Earth. Figure 3 shows the energy spectrum of a typical GLE with the four spectral parameters. Note that, the value of normalization constant C does not affect the shape of spectrum, but it controls the level of energy spectrum. Low-energy slope γ 1 is always affected by the ESP event especially when the shock nose is nearly toward the Earth, because ESP event can significantly enhance the low energy proton intensities. It is assumed that high-energy slope γ 2 can be influenced only by a very strong toward-Earth IP shock.
In this work, the four spectral parameters of GLEs during solar cycle 23 are obtained
by Mewaldt et al. [2012] . The flare locations listed in Table 1 associated to these GLEs are also from Mewaldt et al. [2012] . The longitude of the flares range from E09 to W117, and the asymmetry of longitude is caused by the transport of SEPs in the Parker spiral field.
Some other related parameters that would be used in the following sections are also listed in Table 1 . In this work we would analyze the four spectral parameters depending on the event conditions for the 13 selected GLEs in solar cycle 23.
Classification of Events
Since strong IP shock acceleration of energetic particles for a GLE can enhance the low energy part of energy spectrum significantly, the high-energy power-law slope γ 2 would become smaller [see, e.g., Figure 13 of Mewaldt et al., 2012] . Figure 4 shows γ 2 as a function of the flare longitude θ. The numbers in the figure indicate the GLE number. We set threshold values θ t = W40 and γ 2t = −3.6. The vertical dashed line, θ = θ t divides all events into two parts. We assume that θ ≤ θ t and θ > θ t indicate the IP shock nose being nearly toward the Earth and not toward the Earth, respectively. In addition, the horizontal dashed line, γ 2 = γ 2t , divides all events into green and blue categories. From Figures 1 and 2 , we find that for the green events the peak intensity of ∼60 MeV protons caused by ESP event, P E , is higher than that caused by flare or coronal shock, P C , or P E > P C ; While P E < P C for the blue events. Therefore, we assume that green (γ 2 ≤ γ 2t ) and blue (γ 2 > γ 2t ) events indicate strong and weak IP shock acceleration, respectively. From Figure 4 we can see that all the events with IP shocks being not toward the Earth have weak IP shock acceleration. However, if the IP shock nose is toward the Earth, the events could be either in green or blue category.
We assume generally a green event corresponds to a strong solar eruption. Therefore, it is possible we use other solar event conditions to distinguish between the green and blue events if the shock nose is toward the Earth.
Firstly, the brightness of CME image can be used to distinguish between the blue and green events if the shock nose is toward the Earth. The white light image of CME can be obtained from the LASCO onboard SOHO. The main steps are as follows. First, we select a sequence of images which recorded the evolution of a CME and a pre-event image from the LASCO/C2 field of view and convert them to gray images, then use the median filtering algorithm [e.g., Shen and Qin, 2016] to get the so called "clean" images by removing their noise. Next, we make differences of the clean images between the event time ones and the pre-event one to obtain the pure CME images. Last, for each of the pure CME images we calculate the average brightness, of which we choose the largest value to denote as the brightness of CME image. The average brightness is calculated in the area between the two red circles. Figure 6 is similar as Figure 5 except that it is for GLE70. Comparing the pure CME images of GLE59 and GLE70 we find that the brightness of CME image of GLE70 is significantly lower than that of GLE59. The brightness of CME image of the events with shock nose toward the Earth are plotted as function of γ 2 in Figure 7 , in which we denote φ as the brightness of CME image, and it's shown that φ of green events are larger than that of blue events. Note that GLE58, a green event, is not included in Figure 7 since there was no C2 data available for GLE58. Furthermore, we can set the threshold value φ t = 13. When the flare longitude θ of a GLE is less than the threshold θ t , γ 2 would be smaller and larger than γ 2t indicating the strong and weak IP shock acceleration if φ is larger and smaller than φ t , respectively. LASCO/C3 field of view can also record the evolution of CMEs, so that one can use C3 images to determine the IP shock acceleration strength similarly.
Next, we show that the starting and ending frequencies of DH type II bursts from the WAVES onboard Wind can also be used to separate the green and blue events if the shock nose is toward the Earth. In Figure 8 , we show γ 2 as a function of the starting and ending frequencies of the associated DH type II bursts, obtained by Gopalswamy et al. [2010] , in left and right panels, respectively. It is noted that the maximum frequency of measurements is 14 MHz, so that the starting frequency of the green events are all greater than or equal to 14 MHz. We find that both the starting and ending frequencies of DH type II bursts are effective in distinguishing the blue and green events. The frequency of DH type II bursts reflects the distance between IP shock and the Sun [e.g., Gopalswamy, 2006] , so that higher starting frequency indicates that the shock starts to accelerate particles closer to the Sun. Therefore, the green events with a shorter distance from the Sun to start accelerating may have stronger acceleration of the shock. The ending frequencies of the green events are less than that of the blue ones, it is suggested that the shock acceleration of green events continues to larger distances from the Sun. However, recognizing a DH type II burst from a dynamic spectrum might take some time, because the frequency drift rates are not very large and the bursts are often intermittent. Therefore, the starting and ending frequencies of DH type II bursts is not suitable for predicting energy spectra. From the above analysis, it is shown that the 12−45 MeV/nuc Fe/O ratio and Ne/O ratio can be used to determine if the IP shock acceleration is strong or weak, the results are consistent with our previous findings. In addition, other properties such as ionization states and isotope abundances studied by Reames [1999] may also distinguish these events effectively. However, the composition data of an SEP event are too late for one to use for predicting energy spectra.
Therefore, one can use the brightness of CME image to distinguish between green and blue events if the shock nose is toward the Earth.
Statistical Analysis
In order to obtain a model with good results comparing to the observations, we first try to eliminate the correlations between the spectral parameters themselves. Besides, one can also obtain physical understanding of the GLE phenomenon in this way. The cross correlations of the four spectral parameters for the thirteen selected GLEs are presented in Fig- ure 10. Here, blue and green stand for blue and green events, respectively, and dashed lines indicate the linear fitting. The regression parameters, correlation coefficients, and the level of statistical significance of the fitting are presented in Table 2 . From the cross correlations we find that only γ 1 and log E 0 have a good correlation. Therefore, we can eliminate one parameter from γ 1 and E 0 when we establish a model of energy spectrum of GLEs.
GLEs are caused by solar eruptions, the strength of which is relevant to the solar activity. Thus, we assume that the energy spectrum is relevant to the solar activity. The 10.7 cm solar radio flux (F 10.7 ) is one of the indices of solar activity [e.g., Tapping, 2013], so that F 10.7 can be used to study the energy spectrum. Figure 11 shows the spectral parameters, log E 0 and γ 2 for the selected GLEs in the upper and lower panels, respectively, as function of F 10.7 which is the value for previous day from the NOAA's Space Weather Prediction Center (SWPC, ftp://ftp.swpc.noaa.gov/pub/warehouse). In the upper panel of Figure 11 , E 0 increases with the increase of F 10.7 for both types of events, which is reasonable since energetic particles may be accelerated more efficiently if the solar activity is high. In the lower panel of Figure 11 , the green and blue dashed fitting lines have the same trend, while the green and blue lines are separated with the green line is lower in the value of γ 2 since the strong IP shock acceleration can significantly increase the intensity of low energy particles to make high-energy slope γ 2 smaller.
Another spectral parameter, the normalization constant C, is not related to the shape of energy spectrum, but it controls the level of the energy spectrum, i.e., C is associated with the energy spectra in 1 MeV. It is known that the low energy protons can be influenced by the IP shock, whose strength is relevant with the flare longitude θ. Therefore, C is possibly relevant with θ. The strength of soft X-ray burst is relevant with solar activity at the time of event [Thomas and Teske, 1971] , and flare may also be a source of particle acceleration. Therefore, C is assumed to be also related to F sxr , which is the integral soft X-ray flux of flare and its value can be found in the NOAA's SWPC (ftp://ftp.swpc.noaa.gov/pub/warehouse).
Note that there is no data for F sxr of GLE61 which is a backside event. One may use the space speed of CME to determine the value of F sxr . Figure 12 shows the relationship between F sxr and CME space speed v cme which is from Gopalswamy et al. [2012] . It is clear to see that log F sxr can be expressed as a linear function of v cme ,
where v 0 = 1 km/s and the expression is used to calculate F sxr of GLE61. Figure 13 shows that log C is plotted versus θ and log F sxr , from which we can see that both the blue and green events have good correlations between log C and θ while only blue events have a moderate correlation between log C and log F sxr . Therefore, blue events may have a better correlation between log C and the combination of θ and log F sxr , such as θ · log (F sxr /5). Choosing log (F sxr /5) instead of log F sxr can make all of the values have the same sign, so that it is easy to combine with θ for linear fit. Figure 14 exhibits the linear fitting for log C as a function of θ for green events and that of θ log (F sxr /5) for blue events in left and right panels, respectively. It is shown for both green and blue events good linear fitting can be obtained.
The values of regression parameters a and b, the correlation coefficients and the level of statistical significance are listed in Table 2 .
Energy Spectrum Model for GLEs
From the results in Figures 10, 11, 14, and Table 2 , the expressions of the spectral parameters are given as following:
with a = 0.00404 and b = 0.360 for blue events, and a = 0.00326 and b = 0.634 for green events;
with a = −0.00521 and b = −1.78 for blue events, and a = −0.00327 and b = −3.47 for green events; for green events; 10 0.0103θ log (F s xr /5)+8.86 for blue events.
The Equations (1) and (2)−(5) may be used to establish a model of energy spectrum with the flare's longitude θ, integral soft X-ray flux F sxr , and 10.7 cm solar radio flux F 10.7 as the input. In addition, to determine the type of GLEs, the brightness of CME image of the events is also needed.
The comparison of the energy spectra between our new model and the spacecraft observations for the 13 selected GLEs during solar cycle 24 is presented in Figure 15 . Here, δ
indicates the disagreement between the model and the observations defined as the following:
where F(E) and f (E) are energy spectra from the model and observations, respectively.
From Figure 15 we can see that GLE57 has the biggest δ, and the disagreement is mainly due to the fact that C from the model is not accurate relative to the observation. On the other hand, for GLE66 and GLE67, the model results of C is not accurate but the values of δ are smaller than that for GLE57, because in addition to the not accurate C the model also provides worse parameters γ 1 for GLE66 and γ 2 for GLE67, and the combination of some not accurate parameters might offset each other. It is also shown that except γ 2 , other parameters from the model for GLE69 are more accurate comparing to that for GLE67, though the values δ for GLE67 and GLE69 are similar.
Partial Validity Check of Energy Spectrum Model
Next, to partially check its validity, we use the new model to provide the energy spectrum of other GLEs. Table 3 shows the key parameters of six GLEs in solar cycle 22, GLE40, GLE41, GLE45, GLE48, GLE52, and GLE53, and one GLE in solar cycle 24, GLE 71, as selected for this purpose. In Table 3 , are selected, of which the modeling spectra are calculated in Figure 16 . The observations are from GOES-7 differential channels (channels P2−P6, energy ranging from 6.6 to 114 MeV, calibrated by Sandberg et al.
[2014]). Generally, the modeling spectra agree well with the observations of the GLEs, except for the GLE40, for which the observations of intensity of low energy channels are unusually low and do not agree with the model. Figure 17 shows the intensity-time profiles for GLE40. It is shown that the intensities of the lower energy P2−P4 channels are suppressed in the first ten hours of the events, are assumed not accurate and marked in red in the upper left panel of Figure 16 . The inaccuracy can be assumed to be caused by some local structure effects, e.g., magnetospheric effects, which are not very strong for protons > 10 MeV normally. agree well with observations for GLE71, except that in lower energy range the intensity from observations, marked in red, is relatively higher than that from modeling. In the intensitytime profiles exhibited in Figure 19 , there are two IP shocks, first of which corresponds to an earlier event. In general, IP shocks can accelerate lower energy protons to enhance their intensity. Therefore, the intensity observations of EPAM for GLE71 are higher than the modeling results.
All in all, the modeling results exhibited in Figures 16 and 18 show that the new model can represent the data fits of the seven GLEs to a relatively good accuracy in energy ranging from ∼6 to ∼100−200 MeV.
Conclusions and Discussion
In this paper, we analyze the four spectral parameters, i.e., the normalization constant C, low-energy power-law slope γ 1 , high-energy power-law slope γ 2 , and break energy E 0 , which are obtained from Mewaldt et al. [2012] by fitting the GLE observations during solar cycle 23 to the double power-law equation. In the statistics, we exclude GLE55, GLE56, and GLE68 out of the total of 16 GLEs in solar cycle 23 for simplicity purpose, because the conditions of the three GLEs are complicated comparing to that of the rest ones. We divide the selected GLEs into two types of events according to γ 2 , i.e., the blue and green events with large and small γ 2 , respectively. Because large enhancement of lower energy particles from strong IP shock acceleration would decrease γ 2 , we assume that the small γ 2 indicates strong IP shock acceleration. We find that all the events with large longitude are blue events with large γ 2 . But it is shown that with small longitude one need to distinguish between blue and green events. We find that the use of the brightness of CME image, the starting and ending frequencies of DH type II bursts, and the 12−45 MeV/nuc Fe/O ratio and Ne/O ratio are different between the blue and green events, so that they can be used to distinguish the blue and green events. However, to consider about the availability of the data during near the solar eruption we may choose the brightness of CME image to distinguish the two types of events with small longitude.
We find in each type of GLE events, for the spectral parameters, only γ 1 and E 0 have strong linear relationship when considering the cross correlation, and γ 2 , E 0 are relevant with 10.7 cm solar radio flux, F 10.7 . For the green events, C is correlated with flare longitude, θ.
While for the blue events, C has a better relationship with the combination of θ and F sxr , i.e., θ log (F sxr /5), where F sxr is the integral soft X-ray flux of the flare. Therefore, we obtain the expressions for the four parameters as function of solar event conditions in solar cycle 23, thus a model of energy spectrum for GLEs in the period is established. We also compare the energy spectra from model with the observed ones of solar cycle 23 GLEs. However, we can see that for the model there are cases with one inaccurate parameter resulting in large error, but there are some other cases with several inaccurate parameters without resulting in large error because the effects of inaccuracy may offset each other. It is also noted that from Table 2 we can see that three out of four computed correlations in Equations (2)−(5) for the green events fail the test of statistical significance at the usual 5% level, which might be because of the too small number, 4, of events in this category. Finally, we obtain modeling results for six GLEs of solar cycle 22 and GLE71 of solar cycle 24 to check the validity of the model, and we find that the model can give a relatively good results in energy ranging from ∼6 to ∼100−200 MeV for the events with longitude greater than W40. However, due to the lack of observations in solar cycle 22, the modeling spectra of low energy part haven't been checked. In addition, because the data needed to distinguish between green and blue categories are not available, the modeling results for small longitude events are also not checked. [2015] found that the spectral shape of nine western GLEs are due to the scatter-dominated transport effect, while diffusive shock acceleration in IP space plays an important role in other near-central meridian GLEs. In this work, we suggest that the causes of the spectral shape for green and blue events may be different. In fact, the slopes of the green and blue events in the upper left panel of Figure 10 and the left panel of Figure 13 are opposite. For the upper left panel of Figure 10 , we assume the green events undergo strong IP shock acceleration to cause E 0 and γ 1 larger, so that E 0 and γ 1 are positively correlated. For the blue events, the IP shock acceleration is weak, thus the transport effect plays an important role in the relationship between γ 1 and E 0 , which is similar to the simulation results by
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Zhao et al. [2016] who considered only the pure transport process. As we mentioned above, C is associated with the energy spectra in 1 MeV. For the green events in the left panel of Figure 13 , the shock near Earth would significantly increase the intensity of 1 MeV protons when the shock nose crosses the magnetic field line connected to spacecraft, thus larger θ indicates shock nose encountering the magnetic field line earlier with higher accelerating effects because shock strength decreases with increasing of the solar distance. For the blue events, the situation is complex since the fluence of the 1 MeV protons could be determined by transport effect. Therefore, the slopes of the green and blue events may be different.
The energy spectrum model may be helpful for the future prediction of the GLE's energy spectrum. One needs to get the inputs quickly enough after the solar eruption. In this model the value of F 10.7 of the previous day is used, thus the input for F 10.7 can be obtained on time. In addition, the flare longitude θ and F sxr can be obtained quickly from the solar image observed by ground-based telescopes and soft X-ray flux observed by GOES Solar X-Ray Sensor (XRS) [Hanser and Sellers, 1996] , respectively. If the longitude is small, the brightness of CME image from SOHO/LASCO/C2 is needed to determine the type of an event. However, the brightness of CME image from SOHO/LASCO/C2 can not be obtained quickly for two reasons. Firstly, CME needs thirteen minutes to one or two hours to transport to the view of C2. Secondly, the data of C2 are delivered to the Earth via Deep Space Network (DSN) stations if there is telemetry contact, but they have to wait for several hours otherwise (see the description about the very latest SOHO images, https://sohowww.nascom.nasa.gov/data/realtime/imagedescription.html). Therefore, in order to use the energy spectrum model to predict one might have to wait as long as several hours after the solar eruption. It is important to study other physical parameters that can help to determine the strength of IP shock acceleration if we want to be able to determine the type of event quickly after the solar event.
In order to improve the model of GLE energy spectrum, among other efforts, we need to study the transport of GLEs by comparing the spacecraft observations with the numerical modeling [e.g., Qin et al., 2011 Qin et al., , 2013 Wang et al., 2012; Qi et al., 2017] . When we can better understand acceleration and transport effects of energetic particles, we may be able to include the "unusual" GLEs omitted in the current GLE energy spectrum model. In addition, there are usually much more large non-GLE SEP events than GLEs in a solar cycle. Therefore, It is also essential for us to study the energy spectra for large non-GLE SEP events with the method similar to that in this work.
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